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If the beginning of inflation is defined at the moment when the vacnum energy of the inflaton starts 
to dominate, the energy density of the other fields at that moment is (by definition) comparable to 
the inflaton. Although the fraction will be small at the horizon exit due to the inflationary expansion, 
they can alter the scale dependence of the spectrum. At the same time, velocity of the inflaton field 
may not coincide with the slow-roll (attractor) velocity. Those dynamics could be ubiquitous but 
can easily alter the scale dependence of the spectrum. Since the scale dependence is currently used 
to constrain or even exclude inflation models, it is very important to measure its shift, which is due 
to the dynamics that does not appear in the original inflation model. Considering typical examples, 
we show that the spectral index of the tensor mode is a useful measure of such effect. Precise 
measurement of the higher runnings of the scalar mode will be helpful in discriminating the source. 

PACS numbers: 98.80Cq 


I. INTRODUCTION 

Scale-dependence of the spectrum of the curvature per¬ 
turbation has been used to discriminate inflationary sce¬ 
narios Qi- In addition to the scalar mode, recent dis¬ 
covery of the B-mode polarization[^-@ has ignited stud¬ 
ies of the tensor modes. Although the detection of the 
inflationary tensor mode by the BICEP2 was not suc¬ 
cessful, it stimulated study of the mechanism of gener¬ 
ating peculiar scale-dependence Besides those re¬ 

cent trends in inflationary cosmology, models of particle 
physics (e.g, supersymmetric models and string theory) 
are expecting a large amount of scalar fields that may 
be dynamical in the very early stage of inflation. In the 
light of multi-field inflation, those extra degrees of free¬ 
dom may alter the scale-dependence of both the tensor 
and the scalar perturbations. Consequently, they may 
bring in a kind of ambiguity to the inflationary param¬ 
eters. Even if one is able to assume that the inflaton is 
the only dynamical field, it is still hard to believe that 
the inflaton velocity “before” inflation coincides with the 
slow-roll velocity “during” inflation. Initially the inflaton 
velocity could deviate from the slow-roll (attractor) ve¬ 
locity and it will lead to the shift of the scale-dependence. 
These effects are very common and they can be respon¬ 
sible for the scale dependence of the spectrum. 

We start with the obvious situation. The model shown 
in FiglT] is a textbook example, which helps understand 
why it is very easy to shift the scale-dependence of the 
spectrum. We focus on the simple and common dynam¬ 
ics. Since the scale dependence is currently used to con¬ 
strain inflation models, it is very important to consider 
the shift of the scale dependence which could be caused 
by the dynamics that does not appear in the original 


inflation model. We call such dynamics the “scalon”, 
since it contributes only to the generation of the scale 
dependence. Our study can be discriminated from other 
attempts in which non-trivial interactions play the key 
role. We are considering ubiquitous remnants. We also 
consider the case in which the field is not negligible at the 
end of inflation. The model is presented in Figl2] Finally 
we consider single-field inflation in which small deviation 
from the slow-roll velocity can cause significant shift of 
the scale dependence. We show that in those cases the 
observation of the spectral index of the tensor mode will 
play important role in finding the scalon contribution. 
More precise measurement of the higher runnings of the 
scalar spectrum will be helpful for the discrimination. 


II. HOW TO MEASURE AND REMOVE THE 
SCALON CONTRIBUTION IN THE SPECTRUM 

We briefly explain the overview before the details. We 
are focusing on the generality of the situation and con¬ 
sidering simple dynamics of a scalar field. We thus avoid 
introduction of specific interactions and non-trivial ki¬ 
netic terms. This point could be distinguishable from 
the other recent attempts Q- 

Single-field inflation “usually” expects r -\- 8nt = 0, 
where r is the tensor-to-scalar ratio and rit is the spec¬ 
tral index of the tensor mode. The relation could be vio¬ 
lated if there are multiple scalar fields during inflation.^ 


^ Later we will show that it is possible to violate the relation in 
single-field infiation. 
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Intuitively we are expecting simple cases for multi-field 
inflation explained below. 

• Consider trajectory of FigH] In this scenario the 
scalon is short-lived. The curvature perturbation 
evolves during inflation M- 

• Consider trajectory of FigI5] In this scenario the 
scalon remains dynamical until the end of inflation. 
The curvature perturbation is generated at the end. 

In both cases the curvature perturbation at the pivot 
scale is unchanged, while the scale dependence is shifted 
by the scalon. 

Before explaining more details, we point out that sim¬ 
ilar (but opposite) situation already appeared in the cur- 
vaton model. In the simplest curvaton model, in which 
the slow-roll parameters of the curvaton field is negligi¬ 
ble (i.e, the curvaton dynamics cannot generate the scale 
dependence), the scale dependence is generated by the 
dynamics of the inflaton field whose perturbation is neg¬ 
ligible in the curvaton model. In that case the inflaton 
dynamics contributes only to the scale dependence. Note 
that the field (or the dynamics) that contributes only to 
the scale dependence may commonly appear in any infla¬ 
tionary model. Similar effect may appear without adding 
a scalar field, as we will describe the situation below for 
single-field inflation. 

• Inflaton velocity may have deviation from the slow- 
roll velocity. In that case the curvature perturba¬ 
tion is known to evolve after horizon exit, since 
the additional degree of freedom (i.e, the deviation) 
forms the decaying mode. In that case r -|- 8nt = 0 
is not satisfied in single-field inflation. 

Deviation from the slow-roll velocity may have serious 
impact on the scale dependence. We will consider this 
possibility in Sec lIICl The sign of the spectral index 
could be reversed. 

The relation r -|- 8nt = 0 is useless in the curvaton 
scenario, since the form of the curvature perturbation is 
completely different. We are not discussing those “alter¬ 
native” models, including modulation (e.g. modulated 
reheating). 

In general, “multi-field inflation” includes models in 
which multiple perturbations contribute the curvature 
perturbation. Such models are extensively studied since 
they may have a significant evidence of multi-field infla¬ 
tion in the relation among non-linear parameters [TTj | . To 
avoid confusions in this paper, those models are specifi¬ 
cally called “mixed perturbation scenario”. In this paper 
we are avoiding mixed perturbation scenarios since the 
non-Gaussianity parameter is small. 

One might notice that the current CMB data is some¬ 
times used to distinguish multi and single-field inflation. 
The major reason could be that there is the stringent up¬ 
per bound on the isocurvature perturbation. Although 
an additional field “can” generate significant isocurvature 
perturbations, it is not mandatory. In other cases, as 



FIG. 1: Schematic picture of the “modest” multi-field infla¬ 
tion model. The scalon soon disappears and the number of 
e-foldings is determined by cj>. Mixing in the spectrum is neg¬ 
ligible. 


we have stated above, “multi-field inflation” sometimes 
means “mixed perturbation scenario”. To avoid those 
confusions we emphasize that “inflation with the scalon 
dynamics” will not be distinguishable at this moment; 
we mean that the experimental plans at hand will hardly 
find the distinction. However, since what we call “the 
scalon” is the very common dynamics that could appear 
in the early Universe, we claim that it has to be identified 
and removed by more future experiments. 


A. “Modest” multi-field inflation 

We start with the simplest case. We introduce the 
scalon field (additional free scalar field y), which is dy¬ 
namical at the beginning of inflation. One can imagine 
the case in which y* ^ </)* at horizon exit but y <C 0 
at the end. Here denotes the value at the horizon 
exit. See also FigH] Using the standard definition of the 
curvature perturbation, the scalon determine the initial 
adiabatic curvature perturbation. We also consider the 
case with y, < 0*, which can also shift the scale depen¬ 
dence. 

We are considering multi-field inflation. However, 
since we are considering a “temporal” field in this section, 
the derivative of the e-foldings with respect to the extra 
field (Af^x) negligible.^ Here the subscript with comma 
denotes derivative with respect to the field. Cases with 
significant has been considered in Ref.[l^. Remem¬ 
ber that we are focusing on the simple dynamics that 
does not assume specific interactions. We will assume 
canonical kinetic term for the fields. We are avoiding 
mixing of the fields in the potential. The scalon field is 


^ In this section we are trying to explain the situation as intuitively 
as possible. See Ref. [l3l if details are needed. 
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separated from the inflaton 0 and ceases to be dynamical 
before the end of inflation. In that way our analysis does 
not depend on specific inflationary model. One can add 
X to any (single-field, canonical kinetic term) inflationary 
model on one’s choice. 

When a couple of fields (j) and x are dynamical during 
inflation, the spectral index of the curvature perturbation 
is calculated as [l 2 | 


Us - I ~ -(6-4 cos^ KA)iH + sin^ Ka 

-I-4?7o-s sin Ka cos Ka + 2r]ss cos^ Ka, (1) 

where the subscripts a and s denote the adiabatic and 
entropy directions at the horizon exit. We choose tr^ = 
+ ip. Here the definitions of the slow-roll parameters 
are 
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( 2 ) 

where H is the Hubble parameter, Mp is the reduced 
Planck mass and a,b,.. denote </>, and s. We intro¬ 
duce separation given by ejj = — [H -I- e^. Ka 
is defined using the transfer matrix and is given by 


Kaa 

31/2 

Vab 

3i?2 


Ca = 

Va = 

Vab = 


cosKa 


Trs 

\/l + '^RS 


( 3 ) 


where Trs is an element of the transfer matrix, which 
describes the evolution of the adiabatic and the isocur¬ 
vature perturbations. We define the instantaneous adia¬ 
batic and entropy perturbations as 

Sa = d(j)cos9 + SxsiiiO (4) 

6s = —(5((>sin0-I-(5xcos0, (5) 


where tan0 = x/^. Also we define the curvature and 
entropy perturbations 


R 

S 


& 

a 


( 6 ) 

( 7 ) 


The curvature perturbation after horizon exit is ex¬ 
pressed as 


R = [i?* -|- TrsS^ 


( 8 ) 


Here R is the observable. Since here we are assuming 
“temporal” x^, ^ 0 at a, moment, adiabatic velocity soon 
reaches a ^ 4> after horizon exit. The final curvature 
perturbation recovers the original single-field inflation 

model [l^: R— ^64> ■ 


Let us see more details about the scalon contributions. 
If X* ^ trajectory has a turn during inflation. 

Initially the adiabatic direction is ct* ~ x* but it will be 
cr ~ (/> before the end of inflation. Then the curvature 


H 


5(j) 






perturbation becomes R ~ 

which is possible since Trs ^ 1. Then one will find 
cos Ka ^ 1 and the spectral index given by 


Us - 1 — -2eff -I- 2r]^. (9) 

The opposite limit (x* <C is the standard single- 
field inflation. One will find sinAr .4 1 and an almost 
straight trajectory. The spectral index will be 


Us - 1 ~ -Gen + 2r]^- (10) 

Seeing the above discrepancy between and cni), 
one may find that the situation is intuitively similar to 
the curvaton. More radical situation can be found in the 
inflating curvaton [l^ . In the above formalism one has 
to take into account the scale-dependence of the transfer 
function Trs- 

The latter case (x* already at the beginning) 

seems to be the same as the conventional single-field sce¬ 
nario. However, as far as x* 7^ 0, there is the contribu¬ 
tion caused by 0. Although in the spectral index the 
contribution of the scalon could be negligible, the shift 
in the higher runnings can be significant since ^ is 
possible 3 . We will be back to this topic in Sec IHDI 

Below, we will examine the relation r + 8nt = 0 when 
7 ^ 0. Since one extra degree of freedom is added to 
the original scenario, we need another observable (i.e, an 
independent equation) that can fix the ambiguity. The 
spectral index of the tensor mode can play the role. 

The spectrum of the tensor perturbation is P-y = 
H/{2'k), which gives the tensor to scalar ratio 


r = 


Pn 


( 11 ) 


When X* — 0, we find conventional result r = IGe^ and 
= frifl = - 2ry0. However, when x* > 

things are not so trivial. To check the consistency of 
the calculation it is very useful to consider the equations 
related to n^. Therefore, in this paragraph we introduce 
Ur in addition to n*. Remember that the running of r 
(i.e, Tir) can “directly” be evaluated using indices of the 
scalar and the tensor modes as^ 


dlogr 
dlog k 


l-ns+ nt, 


( 12 ) 


where rit = —2tH. We use this relation to check the 
consistency of the calculation below. Let us see more 
details of the relations between parameters, and see how 
one can remove the ambiguity. 


® For our purpose we are omitting details. Ref. [T^ . Ilfil will be 
helpful. 
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• We first consider x* <C Using dhvk = Hdt and 
the definitions of the slow-roli parameters ([5]), one 
wifi find 

= 4e^e// - (13) 

which ieads to tir = de// — 2770. Of course the result 
is consistent with Eq. (HU). Then, from the spectral 
index m and nt = — 2 e^f, one can evaluate the 
slow-roll parameters from the observables as 


iH 


£0 


d<t> 

ex 


_rh 

2 

r 

16 

(ris - 1) - 3nt 
2 

_!!i _ JL 
~Y ~ 16' 


(14) 


Here r + 8nt ^ 0 will be the sign of e// 7 ^ £ 0 . 


• Consider the case with x* ^ ())*, in which x soon 
ceases to be dynamical during inflation. In this 
case we are expecting ejj ^ £j^ (i.e, the scalon is 
dominating e//). From the direct calculation (IT^ . 
one will find = —2ri^. Although rather compli¬ 
cated, one can evaluate the same result by consider¬ 
ing Trs [13 ■ To distinguish the scale dependence, 
it would be useful to define r = 16 £ 0 ** and evaluate 


SH 


£ 0 *+ 




e-H — 


_rH 

2 

r 

16 

Ur _ {us - 1) - nt 

~Y ~ 2 

Y JL 

~Y ~ 16' 


(15) 


Again, discrepancy ch — £ 0 ** 7 ^ 0 is the sign of an 
extra dynamical field. 


model represented in FiglU this effect compensates the 
curvature perturbation. The situation we are going to 
consider in this section is rather different from such sce¬ 
nario. We introduce the scalon that can survive until the 
end of inflation. Then, the initial curvature perturbation 
is compensated by the curvature perturbation generated 
at the end. 

Typically the scenario of generating the curvature per¬ 
turbation at the end of inflation is considered for hybrid- 
type potential, since the original Lyth’s model con¬ 
siders modulation of the waterfall {6(j)e 0). In that way 

the Lyth’s scenario requires interaction with the water¬ 
fall field. However, our scenario does not require in¬ 
teraction and works with many variety of inflationary 
models in which the potential is given by U = Vo + V ((/>) 
(Vb ^ V{(j))). This includes Higgs inflation. Although 
the result is quite conceivable in the light of the 6N for¬ 
malism, it is not obvious how the initial curvature per¬ 
turbation can be compensated at the end. Therefore, to 
avoid confusions we first review the discussion in Ref. . 
The calculation applies to other non-hybrid models. 

First consider the inflaton (j) and the waterfall field a-u, 
with the hybrid-type potential given by 





(16) 


Suppose that inflation starts with cj) > (pc and the water¬ 
fall begins at (p = (pc- The critical point (pc is (pc = . 

The number of e-foldings is given by 


N = H 



d(p 


— In^. 

d4> 


(17) 


Remember that the original Lyth’s model [2^ as¬ 
sumes additional field x that couples to the wa¬ 
terfall field. Namely, if one introduces x that has the 
same interaction as (p, the end of inflation is defined as 


+X 


2 



(18) 


Note that in both limits r -|- 8 nt 0 is the sign of the 
additional dynamical field. Although x introduces am¬ 
biguity to the cosmological parameters, the contribution 
can be removed if nt is measurable. 

The above scenario is a well-known example of multi- 
field inflation. Although in the past studies we could 
not find explicit argument that relates the spectral index 
of the tensor mode to the ambiguity in the inflationary 
parameters, the above results should have been known 
among scientists in this field. Below, we will consider 
less simple examples for which the shift of the scale de¬ 
pendence has not been discussed in detail before. 


B. Hybrid inflation and other models 

The usual multi-field model [l3 considers “evolution” 
of the curvature perturbation during inflation. In the 


Then, if x is lighter than the inflaton, the entropy pertur¬ 
bation (5s ~ 5x 7 ^ 0 creates the perturbation 5(p = — J^(5x 
at the end. Consequently, the perturbation of the num¬ 
ber of e-foldings created at the end of inflation is given 
by 


5Nc = - 


1 ^ 

V <(> 


y^O. 


(19) 


This is the usual scenario of “generating the curvature 
perturbation at the end”. 

In contrast to the original scenario, we are introducing 
a ubiquitous field, which is decoupled from the waterfall 
field. Therefore, we are not expecting S(pc yf 0. Just for 
the simplest example, we consider 


V{(p,acu) = Y +X^)- 

( 20 ) 
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Here |5s*| ~ |(5 (t*| is used for the calculation. 

More intuitive argument is possible. Considering sim¬ 
ilar triangles in FiglJl we find the number of e-foldings 


1 (7* Id)* 

TV = - In — = -In^. 
V V (Pc 


(27) 


Therefore, intuitively the 5N formalism suggests 


5N 


1 dd’* 

ry d’* 

1 dcr* 1 dtJe 

ry cr* ?7 tJe 


(28) 


Let us see what happens if 9 ~ tt/2. Then the fi¬ 
nal curvature perturbation is dominated by 5Ne, which 
reproduces the “conventional” perturbation 5N ~ 

Here, we already know that the scalon can shift the scale- 
dependence of the spectrum. Separating the slow-roll pa¬ 
rameter ch = £0 + Ex) spectral index given 

by m 


FIG. 2: Hybrid inflation with a ubiquitous (non-interacting) 
scalar field. Entropy perturbation [56) causes 5N at the end. 


Note that unlike the usual multi-field extension of 
the hybrid-type potential we are omitting interaction 
^ crJjX^. Degeneracy of the mass term (m^ = = m) 

makes the trajectory straight and avoids the effect con¬ 
sidered in Sec IH Al The adiabatic field is defined as 
cr^ = d>^ + , which gives 


d* = a cos 9 (21) 

X = cr sin 0. (22) 


We find the end for the adiabatic field is 


cre{9) = 


d^c 

COS0 


AM 
g COS 9 ’ 


(23) 


which is perturbed when 59 ~ 5s/a ^ 0. (Note that 
59 does not evolve during inflation when = m^ji = 
TO.) Therefore, although (pc is not perturbed, the entropy 
perturbation {59 ^ 0) causes <5A^e ^ 0 at the end. The 
curvature perturbation generated at the end of inflation 
is thus given by 


ris - 1 — -2eff -I- 2r]^. (29) 

In the opposite case, when 0 ~ 0, generation of the cur¬ 
vature perturbation at the end is negligible and we find 
Us = —6eH + 27y. In both cases en is shifted by Cy. The 
result is quite similar to the conventional “multi-field” 
model in FiglTJ although the mechanism of generating the 
curvature perturbation is utterly different. The property 
of the scalon is also different. For the model considered in 
this section, x can be significant until the end of inflation. 

Usually the typical hybrid-type model is excluded be¬ 
cause its spectrum is blue (rig — 1 ^ 2r]^ > 0). How¬ 
ever, as we have seen above, one can introduce a ubiq¬ 
uitous field X to change the spectral index into red 
(rig — 1 < 0) . Again, the spectral index of the tensor 

mode is needed to distinguish the scalon contribution. 

The situation presented in Figl2]is quite general. The 
mechanism can be applied to any inflationary model in 
which X causes negligible change in (pc ■ Imagine a poten¬ 
tial like V = Vb + I^(^) with Vq V{(p), which is very 
common. 


C. Deviation from the slow-roll (single-field 
inflation) 


5Nc = H —^ ~ — tan 9 

Oe V 


(24) 


Considering perturbation generated at the horizon exit: 

1 5a 


<5N* = 


T] a 

we find the ratio between “initial” and “at the end”: 
5N, 


(25) 


5N^ 


~ tan0. 


(26) 


Introduction of the “extra degree of freedom that is 
responsible for the scale dependence of the curvature 
perturbation” does not always require additional scalar 
field. It may appear as a parameter measuring devia¬ 
tion from the inflationary attractor. First, remember 
that at the very beginning of inflation the inflaton ve¬ 
locity {(p) may not coincide with the slow-roll velocity 
{(ps)- Moreover, if the inflaton is moving fast in the 
opposite direction before the onset of inflation, inflaton 
may even stop during inflation [l7l - [l^ . Although the 
analysis could be slightly model-dependent, the essential 
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of the argument is quite simple. If the inflaton veloc¬ 
ity deviates from the slow-roll velocity defined there (i.e, 
4>* 7^ 4>sit*) = —the curvature perturba¬ 
tion converges to the value evaluated using the slow-roll 
velocity. Namely, one will find the evolution of the cur¬ 
vature perturbation R^, = R = ^5(j) before the 

end of inflation. Intuitively the above result is quite con¬ 
ceivable in the light of the 5N formalism. 

Since the time-dependence of the quantity (j) is not de¬ 
termined by (ps, the scale-dependence (i.e, evolution of 
4> and H that determines fc-dependence of the curva¬ 
ture perturbation) will be different from the standard 
scenario. Unlike the multi-field model, the correction in 
the spectral index will appear not only from H (i.e, en) 
but also from p ^ pg. Namely, if one uses dlnfc = Hdt 
for the calculation, there will be corrections like 

£0 = — [1 + Rd*] (30) 

where we defined Rd = , and = 4>s^- Note 

that is used for quantities without deviation, ex¬ 

cept for the Hubble parameter that always includes 
4> ^ <ps for the kinetic energy. See Eq.(l2]) for the def¬ 
initions of the slow-roll parameters. Our definition is 

= 237 ^ same way, we also find 


-QRd* 


-^Rl. 


-3e^ + 4e^ 

-be^ + 4e^ Cff - 


(34) 


Contribution related to Rd* mainly appears from ^ 
—3i?£)»(ni°^ — 1) + Since as > 0 

is almost excluded by the observations, we can see that 
Rd* > 0 is not a realistic scenario. 

Note that the blue spectrum of hybrid-type inflation 
(ris — 1 ~ 2ri^ > 0 for ~ 0) can be turned into red 
when Rd* < —1. Therefore the ambiguity related to the 
deviation is quite serious. Even though r in hybrid infla¬ 
tion could be very small and the tensor mode could not 
be seen in the observations, more precise measurement 
of as can be used to exclude such possibility. 

r -I- 8nt = 0 is violated because ch is not identical to 
6^°^ Here r = 166^°^ and n* = —2e_f/. Note that ac¬ 
cording to the discussion in Ref. da one will find that 
r = IdcH is not correct here. Again, the additional pa¬ 
rameter Rd* can be fixed if nt could be observed. Since 
Ea. dSTI) can be rewritten as eu — {^ + Rd*)'^^^^\ we find 
(l + i?^,)2 = _8pi. 


D. Higher runnings of the modestly fast-rolling y 
and the problem of the initial condition 


etr — (1 + RD*)i[j, ^ + Ae//, (31) 

where Aen comes from the time derivative of the kinetic 
energy in the Hubble parameter. Since the kinetic energy 
of the inflaton is not identical to the attractor solution, (p 
could not be negligible. Correction to the spectral index 
is 

n«-l = (l + AB)(ni°)-l)-6Ae^^. (32) 

If the Hubble parameter can be written as = 

^(/>2 -I- V(p), we find 


The extra dynamical field can change the scale depen¬ 
dence of the spectrum. The situation could be serious if 
there are many scalar fields, whose effective masses are 
0{H) or less during inflation. In this section we estimate 
the possible contributions from such remnants. Here we 
assume t]^ ^ 0(0.1). In that case the conventional slow- 
roll approximations are still valid for the estimation. If 
one considers the quadratic potential V{x) = for 

the fast-rolling field y, one will find 

Xit) = Xoe~^\ (35) 


AeH 


e0°^.RD*(l + Rd*), 


(33) 


where we used p = Ps{Rd + !)> ?!> = PsRd, 

Rd — —8HRd and = 2 lWKp- Hore we expect 

■§i ~ 4's) ~ —8H ip — ps] for the deviation. 


If the inflaton “stops” during inflation one will find 
Rd ~ —1, which gives Us — 0. The result is consistent 
with the naive intuition: scale dependence disappears 
when inflaton stops. 

Since Rd changes quickly during inflation, there will 
be a signature ol Rd 0 in the running of the spectral 
index. One will find 


Ois 


dus 

dink 


(l + i?p,)a® -1) 


where 


3 


/ 4 

( "TvN 

K = -H 

2 

1 - 

V 9 



This gives 

where contribution from the kinetic energy has not been 
neglected. Just for simplicity we consider pA — —KpA- 
Note that y can change the spectral index and predict 
Aas 7 ^ 0 at the same time. We find 

Aa* ~ -be^ (de^ - 2r ]^), (38) 

which could be negative if 2eH > Vx or simply % < 0 0. 
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III. CONCLUSION AND DISCUSSION 

If the Universe started with a chaotic state, there could 
be many dynamical fields before the onset of inflation. 
Inflationary expansion starts when the vacuum energy 
of the inflaton starts to dominate. At that moment the 
other dynamical fields may have energy density compa¬ 
rable to the inflaton vacuum energy. If one wants to 
disregard their effect, these fields must be inflated away 
before the onset of the last 60 e-foldings. This is not a 
trivial assumption since their effect could not be negligi¬ 
ble even if their fraction is small.^ 

In this paper we first considered a non-interacting field 
X and calculated the possible shift of the scale depen¬ 
dence. The first model is presented in Fig|TJ which we 
considered as a textbook example. In this case the ad¬ 
ditional inflaton field (%) may disappear during inflation 
but it can significantly change the scale dependence of the 
spectrum. The second model is presented in Figl^J which 
is less known but is showing a very common situation. In 
both cases our result illuminates the importance of the 
observation of the spectral index of the tensor mode. We 
also considered a single-field inflation model in which de¬ 
viation from the slow-roll is not negligible. We found a 
similar effect and showed that observation of the tensor 
mode is important. Note that in the last scenario the 

When the field value of x is larger than the Planck scale, the frac- 
tion of is ~ ~ cannot be a “small 

fraction” when the slow-roll parameters of x a^re not negligible. 


shift of the scale-dependence is considered in a single- 
field inflation model. 

In this paper we have chosen specific scalon dynamics 
that are very common in the early Universe, and showed 
that the ambiguity caused by the remnant is crucial for 
the scientific argument. Although our results are encour¬ 
aging and seemingly suggesting the next step, unfortu¬ 
nately in reality the tensor mode of the inflationary per¬ 
turbations has not been observed yet and the present 
experimental plans are not designed to determine the 
spectral index of the tensor mode accurately enough to 
distinguish the source of the scale dependence. Neverthe¬ 
less, we hopefully expect that more future observations 
will be able to distinguish the scalon effect and our study 
will be useful for identifying the inflation model. 
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